Abstract. Deep spectrophotometry has proved to be a fundamental tool to improve our knowledge on the chemical content of planetary nebulae. With the arrival of very efficient spectrographs installed in the largest ground-based telescopes, outstanding spectra have been obtained. These data are essential to constrain state-of-the-art nucleosynthesis models in asymptotic giant branch stars and, in general, to understand the chemical evolution of our Galaxy. In this paper we review the last advances on the chemical composition of the ionized gas in planetary nebulae based on faint emission lines observed through very deep spectrophotometric data.
Introduction
Huggins & Miller (1864) obtained the first spectrum of a planetary nebula (The Cat's Eye Nebula), where they detected a bright emission line coming from a misterous element that Huggins (1898) called "nebulium". Several decades after, Bowen (1927) showed that this emission was produced by doubly ionized oxygen (O 2+ ). The first "deep" spectra of planetary nebulae (hereinafter, PNe) were obtained by Wyse (1942) , who detected for the first time very faint metal recombination lines of C ii and O ii in the spectrum of several PNe and in the Orion nebula. Since these early achievements in spectrophotometry of PNe, the amount of deep optical and near-infrared spectrophotometric data of PNe has increased significantly. This has been possible thanks to both the developement of more efficient instruments and of ground-based telescopes with large collecting areas. In Table 1 we show some of the deepest optical spectra ever taken for Galactic PNe in the last 25 years with the purpose of obtaining chemical abundances. Although this list does not intend to be complete, it is quite representative of the last advances in the field. To progress in the field of chemical abundances in ionized nebulae we need to obtain very deep spectra to detect the weakest lines and, additionally, we need the spectra to be of high resolution to properly measure important faint emission lines which are blended with other features. As it can be seen in Table 1 , the deepest spectra of PNe (those of NGC 7027 and NGC 7009) have been taken at relatively low-resolution. However, the authors of these works did a very careful work of deblending using "ad-hoc" atomic physics. On the other hand, high-resolution spectra can reveal the kinematical structure of the nebula, resulting in different profiles depending on the excitation of the emitting ion (see e. g. Sharpee et al. 2003 , García-Rojas et al. 2015 . This makes line identification easier and allows one to deblend important emission lines. Additionally, the distinct line profiles provide a valuable tool to identify the physical region where individual lines are formed (e. g. Richer et al. 2013 , Peña et al. 2017 ). In Fig. 1 we show a portion of the deep, high-resolution (R∼15000) spectra of several PNe, where it is clear that only at such a highresolution the O ii lines can be properly deblended from other N and C emission features (see Sect. 2). In the following sections, we discuss recent advances in chemical abundances in PNe from the analysis of very deep optical and near-infrared spectra.
The abundance discrepancy problem
The abundance discrepancy problem is one of the major unresolved problems in nebular astrophysics and it has been around for more than seventy years (since Wyse 1942) . It consists in the fact that in photoionized nebulae -both H ii regions and planetary nebulae (PNe)-optical recombination lines (ORLs) provide abundance values that are systematically larger than those obtained using collisionally excited lines (CELs). Solving this problem has obvious implications for the measurement of the chemical content of nearby and distant galaxies, because this task is most often done using CELs from their ionized interstellar medium. a (1) Péquignot & Baluteau (1994) ; (2) For a given ion, the abundance discrepancy factor (ADF) is defined as the ratio between the abundances obtained from ORLs and CELs, i. e.,
and is usually between 1.5 and 3 in H ii regions and the bulk of PNe (see e. g. García-Rojas & Esteban 2007 , McNabb et al. 2013 ), but in PNe it has a significant tail extending to much larger values. The reason for this discrepancy has been discussed for many years and three main scenarios have been proposed: i) the existence of temperature fluctuations over the observed volume of the nebula (Peimbert 1967 , Torres-Peimbert et al. 1980 , b) the presence of cold and dense H-poor droplets as the origin of the bulk of the ORL emission (e. g. Liu et al. 2000 , Stasińska et al. 2007 , Henney & Stasińska 2010 , c) the departure of the free electron energy distribution from the Maxwellian distribution (κ-distribution, see Nicholls et al. 2012) . However, in the last years, several works have argued against the κ-distribution as being esponsible for the abundance discrepancy in PNe (see Mendoza & Bautista 2014 , Storey & Sochi 2014 , Ferland et al. 2016 . Unfortunately, there are so far not direct observational evidences that can favour any of these scenarios. In the last 20 years the group led by Prof. X. -W. Liu (U. Beijing) have developed deep medium-resolution spectrophotometry of dozens of PNe (and highresolution of a few PNe, see McNabb et al. 2016) to compute the physical and chemical properties of these objects from ORLs. In one of the most detailed and comprehensive studies of this group, Wang & Liu (2007) showed that the values of the ADF deduced for the four most abundant second-row heavy elements (C, N, O and Ne) are comparable (see their Fig. 18 ). However, they also computed abundances from ORLs from a third-row element (Mg) and they found that the ORL abundance of magnesium is compatible with the solar photospheric value (even taking into account the small depletion expected for this element onto dust grains -less than 30%). Finally, these authors also showed that, regardless of the value of the ADF, both CEL and ORL abundances yield similar relative abundance ratios of heavy elements such as C/O, N/O and Ne/O . This has important implications, especially in the case of the C/O ratio, given the difficulties of obtaining this ratio from CELs (see Sect. 3). The Liu's group have strongly argued in favour of the inhomogeneus composition of PNe and against pure temperature fluctuations. Some of their arguments are the following: i) far-IR [O iii] CELs, which in principle, have a much lower dependence on electron temperature than optical CELs, provide abundances that are consistent with those derived from optical CELs (see e. g. Liu et al. 2000) ; ii) the analysis of the physical conditions using H, He, O and N ORLs yields electron temperatures that are much lower than those computed from classical CEL diagnostic ratios (see Zhang et al. 2004 , Tsamis et al. 2004 ; additionally, ORL density diagnostics provide densities that are higher than those derived from CEL diagnostics; iii) chemically homogeneous photoionization models do not reproduce the required temperature fluctuations to match CEL and ORL abundances, while bi-abundance photoionization models including an H-poor (i. e. metal-rich) component of the gas successfully reproduce the observed intensities of both CELs and ORLs (e. g. Yuan et al. 2011 ). All these arguments strongly favour the presence of a low-mass component of the gas that is much colder and denser than the "normal" gas, and that is responsible for the bulk of the ORL emission. However, we cannot rule out the possibility that different physical phenomena can contribute simultaneously to the abundance discrepancy in PNe. Some physical phenomena have been proposed to explain the abundance discrepancy in the framework of temperature fluctuations or chemical inhomogeneities scenarios (Peimbert & Peimbert 2006 . Some recent works on the Orion nebula have observationally linked the abundance discrepancy to the presence of high velocity flows (Mesa-Delgado et al. 2009) or to the presence of high density clumps, such as protoplanetary disks (Mesa-Delgado et al 2012, Tsamis et al. 2011) . On the other hand, found a very extreme value of the ADF for the PN Hf 2-2 (ADF∼70) and, for the first time, speculated with the possibility that this large ADF could be related to the fact that the central star of the PN, which is a close-binary star, has gone through a common-envelope phase. By means of spectroscopic observations at the 4.2m William Herschel Telescope (WHT) in La Palma, Spain, Corradi et al. 2015 recently confirmed the hipothesis proposed by that the largest abundance discrepancies are reached in PNe with close-binary central stars, the most extreme object being the PN Abell 46, where we have found an ADF(O 2+ )∼120, and as high as 300 in its inner regions. Their spectroscopic analysis supports the previous interpretation that, in addition to "standard" hot (T e ∼10 4 K) gas, a colder (T e ∼10 3 K), metalrich, ionized component also exists in these nebulae. Both the origin of the metal-rich component and how the two gas phases are mixed in the nebulae These results clearly support the hypothesis of the existence of two separate plasmas, at least in these large-ADF PNe, with the additional indication that they are not well mixed, perhaps because they were produced in distinct ejection events related to the binary nature of the PN central star. Wesson et al. (2017) propose that a nova-like outburst from the close-binary central star could be responsible for ejecting H-deficient material into the nebulae soon after the formation of the main nebula.
The C/O ratio from recombination lines
The determination of accurate C/H and C/O ratios in H ii regions is of paramount importance to constrain chemical evolution models of galaxies. Moreover, C/O determinations in PNe can also constrain nucleosynthesis processes in low-tointermediate mass stars. However, the determination of C abundances in photoionized nebulae is difficult because, traditionally, C abundances have been derived from the semi-forbidden C iii] λ1909 and C ii] λ2326 CELs in the UV, which can only be observed from space and whose intensity is strongly affected by interstellar reddening and extremely dependent on the electron temperature. Alternatively, there is a method to derive C abundances in ionized gas based on the faint C ii λ4267 RL. Thanks to the new CCDs with improved efficiency in the blue and the use of large telescopes, several high-quality observations of the C ii λ4267 RL in PNe have been achieved in the last years (e. g. Peimbert et al. 2004 , Liu et al. 2004b , Wesson et al. 2005 , Sharpee et al. 2007 , Wang & Liu 2007 , García-Rojas et al. 2009 , Fang & Liu 2013 . C/O ratios derived from RLs combined with other abundance ratios as N/O or He/H, can set strong constraints to the initial mass of PNe progenitors. This is owing to different processes occuring at the interior of AGB stars (third dredgeup episodes, hot bottom burning process) activates at different masses and can strongly modify C/O and N/O ratios (see e. g. Karakas & Lugaro 2016 and references therein). Additionally, C/O ratios can be used to obtain information about the efficiency of dust formation in C-rich or O-rich environments (see below) and to learn about different dust-formation mechanisms (see García-Hernández et al. 2016 ).
Faint emission lines of refractory elements
Iron emission lines are relatively faint in the spectra of Galactic PNe. DelgadoInglada et al. (2009) computed detailed Fe abundances for a sample of 28 PNe and found that more than 90% of Fe atoms are condensed on dust grains. These authors did not find differences between the iron abundances in C-rich and O-rich PNe, suggesting similar depletion efficiencies in both environments. Delgado-Inglada & Rodríguez (2014) combined C/O ratios derived from both UV CELs and optical ORLs (as we comment in Sect. 2, they seem to be equivalent) with information obtained from Spitzer mid-infrared spectra. They also computed Fe depletions, and found that the highest depletion factors were found in C-rich objects with SiC or the 30 µm feature in their infrared spectra, while the lowest depletion factors were found for some of the O-rich objects showing silicates in their infrared spectra.
Delgado-Inglada et al. (2016) compiled detections of very faint [Ni ii] and [Ni iii]
lines in deep spectra of Galactic PNe and H ii regions. They determined the nickel abundance from the [Ni iii] lines using an extensive grid of photoionization models to determine a reliable ionization correction factor (ICF). From the comparison of Fe/Ni ratios with the depletion factor obtained from both [Fe/H] and [Ni/H], they conclude that nickel atoms are more efficiently stuck to dust grains than iron atoms in environments where dust formation or growth is more important.
Neutron-capture element abundances in PNe
Nebular spectroscopy of neutron(n)-capture elements (atomic number Z > 30) is a recent field that has seen rapid development in the last 10 years, and holds promise to significantly advance our understanding of AGB n-capture nucleosynthesis. Nebular spectroscopy can reveal unique and complementary information to stellar spectroscopy. Observations of PNe provide the first opportunity to study the production of the lightest n-capture elements (Z ≤ 36) and noble gases (Kr and Xe) in one of their sites of origin. Unlike the case of AGB stars, nucleosynthesis and convective dredge-up are complete in PNe, whose envelopes contain material from the last 2−3 thermal pulses. Accurate computations of n-capture elements would shed light on the different scenarios proposed for the production of these elements and would constrain the chemical yields of low-and intermediate-mass stars for these elements. n-capture elements were not recognized in any astrophysical nebula until Péquig-not & Baluteau (1994) identified emission lines of Br, Kr, Rb, Xe, Ba, and possibly other heavy species in the bright PN NGC 7027. Since then, a breathtaking number of n-capture element emission lines have been identified for the first time in near-infrared (Dinerstein 2001 , Sterling et al. 2016 , Sterling et al. 2017 , UV (Sterling et al. 2002) and optical (Sharpee et al. 2007 , García-Rojas et al. 2012 ) spectra of PNe. The new detections have led to a dedicated effort to produce atomic data needed for abundance determinations (e. g., see Sterling & Witthoeft 2011 , Sterling et al. 2016 , and references therein). The new photoinization cross-sections and recombination coefficients have been incorporated in photoionization calculations to compute reliable ICFs (e. g., Sterling et al. 2015) . The new collisional strenghts have been used for abundance determinations of newly detected ions (see Sterling et al. 2016, for [Rb iv], Sterling et al. 2017, for [Se iii] and [Kr vi] ). Thanks to the fast advances in observations, atomic data determinations and numerical modeling, this field has grown up from just 3 PNe with n-capture element abundances in 2001 to more than 100 Galactic PNe in 2016 (Sharpee et al. 2007 , Sterling & Dinerstein 2008 , Sterling et al. 2016 , García-Rojas et al. 2012 . The importance of deep, high-resolution optical spectrophotometry of PNe to detect faint n-capture elements can be understood when comparing the works by Sharpee et al. (2007) and García-Rojas et al. (2015) . In the first case, several n-capture emission lines were discovered in the spectra of 5 PNe, but even at a resolution of ∼22000, many features were not unambiguosly detected. García-Rojas et al. (2015) took advantage of the very high-resolution (R∼40000) spectrum of NGC 3918 to clearly identify several ions of Kr, Xe, Rb and Se, testing for the first time the complete set of ICFs for Kr created by Sterling et al. (2015) . Finally, Madonna et al. (2017) have combined a deep optical spectrum and a near-infrared spectrum of NGC 5315, testing for the first time the complete set of ICFs for Se created by Sterling et al. (2015) .
Other faint emission lines in optical and IR spectra of PNe
Other faint emission lines have been detected in the optical and mid-IR spectra of PNe and are of great interest for different reasons. I am going to focus on F, Zn and α-elements Ca, K and Na. Zinc is a useful surrogate element for measuring abundances of the iron group because, unlike iron, it is not depleted onto dust grains. Smith et al. (2014) Otsuka et al. (2008) detected the faint [F iv] λλ3997, 4060 lines in the extremely metalpoor halo PN BoBn 1. They found a strong enhancement of the F/H ratio and by comparing the abundance pattern of BoBn 1 with carbon-enhanced metalpoor stars abundances, they concluded that the observed behaviour could be explained if the nebula evolved from a binary system. Finally, García-Rojas et al. (2015) reported, for the first time, the detection of faint sodium lines ([Na iv] λ3242 Åand λ3362 Å) in the deep spectrum of NGC 3918. These detections along with the [Na iii] λ7.31 µm by Pottasch et al. (2009) can be used to constrain a grid of photoionization models computed by to construct, for the first time, an ICF to estimate the total Na abundance (Medina-Amayo et al. in prep.) . A similar study can be developed taking advantage of the few detections of potasium and calcium lines in the spectra of PNe.
